ABSTRACT
Introduction
A rotary inverted pendulum System (RIPS) is composed of three parts; motor, arm, and pendulum. The pendulum is hanging at free end of arm. The pendulum sways in a vertical plane by kinetic energy which is generated by rotational movement of the arm. The arm is connected to the shaft of the motor, rotates in a horizontal plane with the shaft of the motor, and swings the pendulum to erect it upward position. Control problem of a RIPS is composed of two processes. One process is to swing a pendulum for erecting upward position. The other process is to balance the pendulum at upright position. In a RIPS, since upright position of the pendulum is naturally unstable, control for raising the pendulum to upward position, and then balancing the pendulum by rotating the arm from downward position of the pendulum which is naturally stable is difficult. In addition, what makes control of a RIPS difficult basically is that a RIPS is a nonminimum system as well as an underactuated system which has more joint than actuator.
A RIPS has been utilized as a test-bed for evaluating an efficiency and effectiveness of a new control scheme.
Control schemes based on linearization [1, 2] have been proposed for RIPS control. Linear controllers are simple to design.
However, they can be applied for RIPS control only in the vicinity of an operating point. In order to overcome the shortcoming inherent in linear controllers, a variety of nonlinear control schemes such as gradient-based nonlinear model predictive control [3] , genetic algorithm [4, 5] , and fuzzy control [6] have been studied for RIPS control.
However, those nonlinear control schemes have difficulties finding control rules which exhibit the highest levels of performance. Hybrid control schemes [7] [8] [9] [10] [11, 12] . BELBIC is easy to implement, is able to apply for a real time control because of less computational load, and shows a good robustness and adaptiveness. BELBIC was applied to variety systems not only which can be described as a linear model [11, 13] but also which have a large nonlinearity and various conditions [14, 15] . Until now, a study using BELBIC for control a RIPS has not been reported in the literature.
This paper derives a mathematical model of a RIPS, and designs BELBIC as a controller for control the arm and pendulum of a RIPS. A simulation for evaluating adaptiveness of developed BELBIC for a system variation is performed. In addition, a simulation for evaluating robustness of developed BELBIC for disturbance of control input is performed.
Modeling of a rotary inverted pendulum system
A RIPS considered in this paper connects an arm with a motor shaft, and connects a pendulum at free end of the arm as shown in Fig. 1 . Forces N and P given in Equations (1) and (2) respectively are forces acting at a joint connecting the pendulum and rotating arm. They are given by following two equations.
In Eqs. (1) and (2), α represents a rotational position of the arm, and θ represents a rotational position of the pendulum.
r is a length of the arm, l p is a length from a joint to the mass center of the pendulum, and 2l p is a length of the pendulum.
mp is a mass of the pendulum, and me is a mass of an additional mass (called end mass) attached at the end of the pendulum.
In addition,
Newton's law to the RIPS, we derive the equations of motion of the RIPS as follows.
In Eqs. (3) and (4), J p is a mass moment of the pendulum, and Ja is a mass moment of the arm. T is a torque generated by the deriving motor. c p and c a are damping coefficients of the joint and the motor respectively. If Eqs. (3) and (4) are rearranged with respect to   and   , the equations of motion of the RIPS are represented by the following Equations.
A torque generated by the driving motor is represented by the following equation.
In Eq. (7), n is a gear ratio of the motor, V is an input voltage,
Ra is an electric resistance of the motor, Kt is a torque constant, and K b is a back electromotive force constant. Table 1 shows dimensions and descriptions of parameters for RIPS considered in this paper.
BELBIC
This paper performs a study on erecting a pendulum hanging at a free end of an arm by rotating an arm to upright position using BELBIC. Control inputs of BELBIC are sensory input (SI), and internal reward signal. SI is induced by external sensory organ's output against stimuli. Reward signal is a emotional learning value, and also called as emotional signal (ES). BELBIC was described in discrete form as follows [11] .
Eqs. (8) and (9) are output of amygdala (Ai) and OFC (OCi)
respectively. In Eq. (9), G OCi is a gain of OFC, and SI is sensory input. Output of OFC represented by Eq. (9) performs a role to regulate output of amygdala. In Eq. (10), we can see that G Ai , gain of amygdala, always increases monotonically. It is very close to the fact that emotional value of mammalian limbic system's amygdala increases against input stimuli, and then is delivered. In the equation, ES represents emotional signal. Eqs.
(10) and (11) are used for update G Ai and G OCi respectively.
In Eqs. (10) and (11), α and β represent learning rates. They are generally assigned to the same value. Otherwise, a bigger value is assigned to α. The control effort of BELBIC, MO is represented by Eq. (12), and is a difference of amygdala output and OFC output. BELBIC described in discrete form has a shortcoming that it acts discontinuously against stimuli. BELBIC was described in the form of differential equations in order to make it possible to apply BELBIC to a continuous system [16] . Since maximum operator has little effect on simulation results in a continuous system, we remove maximum operator in Eq. (10) for simplicity. BELBIC can be described in the form of differential equations as follows. 
Simulation
Simulations for erecting a pendulum of a RIPS to upright position with BELBIC were performed. Simulations were performed with MATLAB Simulink [17] . Fig. 2 and 3 shows a block diagram composed with MATLAB Simulink, and used for simulations.
In simulations performed in this paper, a pendulum was inclined 45° with respect to upright position initially. Five coefficients required for design BELBIC were found by trial and error method, and set to
and β=90. First, we performed a simulation with a pendulum at which an end mass was not attached at the end the pendulum.
Then, we performed a simulation with a pendulum attached an end mass in order to evaluate adaptiveness against a system variation of defined BELBIC. Finally, we performed a simulation with a motor control input disturbed by a noise in order to evaluate robustness against external disturbance of defined BELBIC.
Figs. 4 show results of the simulation performed with a pendulum not attached an end mass. As Fig. 4(a) 
Conclusions
This paper derived a mathematical model of a RIPS. BELBIC was designed, and used for swing up the pendulum and balancing the pendulum at upright position. Five parameters required to design BELBIC were set to K1=200, K2=20, K3=10, α=100 and β=90. In simulations performed in this paper, a pendulum was inclined 45° with respect to upright position initially. In the simulation performed with a pendulum not attached an end mass, the pendulum reached at a steady state in around 5 seconds.
A simulation was performed with a pendulum attached an end mass, and with BELBIC used in the above simulation. The pendulum reached in a steady state faster in the simulation performed with an end mass than in the simulation performed without an end mass. However, control input showed a continuous chattering for balancing the pendulum at upright position after the pendulum reached in a steady state. In addition, a simulation was performed with motor control input in which a noise was added as external disturbance, and with BELBIC used in the above simulations. BELBIC controlled the arm and pendulum stably regardless of added noise. In spite of adding a noise to control input, angular displacements of the arm and pendulum in case of adding a noise were about the same as those in case of not adding a noise. Therefore, we can say that BELBIC designed in this paper showed adaptiveness against a system variation, and robustness against external disturbance of control input.
